Malaria remains the leading cause of mortality and morbidity in children under the age of 5 years and pregnant women. To counterbalance the malaria burden in pregnancy, an intermittent preventive treatment strategy has been developed. This is based on the use of the antifolate sulfadoxine/pyrimethamine, taken at specified intervals during pregnancy, and reports show that this approach reduces the malaria burden in pregnancy. Pregnancy is also associated with the risk of neural tube defects (NTDs), especially in women with low folate status, and folic acid supplementation is recommended in pregnancy to lower the risk of NTDs. Thus, in malaria-endemic areas, pregnant women have to take both antifolate medication to prevent malaria and folic acid to lower the risk of NTDs. However, the concomitant use of folate and antifolate is associated with a decrease in antifolate efficacy, exposing pregnant women to malaria. Thus, there is genuine concern that this strategy may not be appropriate. We have reviewed work carried out on malaria folate metabolism and antifolate efficacy in the context of folate supplementation. This review shows that: (i) the folate supplementation effect on antifolate efficacy is dose-dependent, and folic acid doses required to protect pregnant women from NTDs will not decrease antifolate activity; and (ii) 5-methyl-tetrahydrofolate, the predominant form of folate in the blood circulation, could be administered (even at high dose) concomitantly with antifolate without affecting antifolate efficacy. Thus, strategies exist to protect pregnant women from malaria while maintaining adequate folate levels in the body to reduce the occurrence of NTDs.
Introduction

Malaria and pregnancy
Malaria remains the leading cause of mortality in the world, with its burden being borne primarily by children under the age of 5 years and pregnant women. Each year, it is estimated that over 125 million pregnant women are at risk of malaria, 1, 2 and the disease has serious implications in pregnancy for both mothers and infants. Indeed, placental malaria can lead to placental insufficiency, causing fetal growth restriction and leading to maternal, fetal and infant morbidity and mortality. It is estimated that more than 100000 infant deaths occur each year as a result of malaria in pregnancy. 3 -5 To counterbalance the heavy burden of malaria in pregnancy, a strategy known as intermittent preventive treatment during pregnancy (IPTp) has been proposed. This approach is based on the administration of a long-lasting antimalarial drug at its full therapeutic dosage in pregnant women, delivered at specified intervals during pregnancy, regardless of the presence of parasites or clinical symptoms. Drug administration is carried out during routine contacts with the health authorities at antenatal care visits. 6, 7 IPTp has been conceived as a strategy to substantially reduce or eliminate parasitaemia in infected pregnant women in high malaria transmission areas. It differs from prophylaxis in providing protective antimalarial drug levels in blood for specific periods separated by periods when drug concentration is below the necessary threshold to inhibit parasite growth. 6, 7 WHO now recommends the implementation of IPTp in all malaria-endemic regions, mainly in sub-Saharan Africa, as part of a focused antenatal care package, 8 using the antifolate drug sulfadoxine/pyrimethamine (SP) at a dose of 500 mg of sulfadoxine and 25 mg of pyrimethamine per tablet; three tablets in total. Pregnant women receive two or three courses of SP after the onset of fetal movement, the courses being at least 1 month apart. 8 This strategy has been adopted in 37 countries worldwide, of which 33 are in sub-Saharan Africa, 8 and in 2011 it was estimated that 25% of pregnant women were using IPTp. 9 Though this proportion is still low, it nonetheless means that a high number of women are already taking the antifolate SP during pregnancy in Africa. However, with the spread of SP resistance, there is genuine concern that the efficacy of IPTp could also be compromised. 10 As a result, alternatives are being investigated. However, the paucity of available effective antimalarials makes SP the drug of choice for IPTp for many years to come.
Pregnancy and neural tube defects (NTDs)
Pregnancy is a state of increased requirement of macro-and micronutrients, and inadequate dietary intake before and during pregnancy can lead to adverse perinatal outcomes. 11, 12 Among these micronutrients are folate molecules. Folate deficiency in pregnancy is associated with a high rate of NTDs (anencephaly and spina bifida), the second most common birth defects. 13, 14 NTDs result from failure of the neural tube to close properly 28 days post-conception, and folic acid (FA) has been shown to reduce the risk of NTDs in both highand low-income countries. 15, 16 A reduction rate up to 70% can be achieved with the appropriate consumption of FA before conception and during early pregnancy. 17, 18 Unfortunately, women are not aware of their pregnancy during the first few weeks, the time when the neural tube closes. 17 -19 As a result, each year 300000-400000 infants worldwide are born with an NTD; 13 however, the exact numbers of cases occurring in Africa are unknown because of lack of proper records. Thus, there is a need to implement the concept of folate supplementation before and during pregnancy to reduce the risk of NTDs, and WHO has recommended a daily supplementation of 0.4 mg of FA for women capable of becoming pregnant.
Conflict between folate supplementation in pregnancy and the use of antifolate in IPTp
As discussed above, WHO has recommended supplementation with FA during the periconceptional and early pregnancy period to minimize the occurrence of NTDs. However, the antifolate SP is also recommended during pregnancy to lower the risk of malaria infection. Thus, pregnant women in Africa are encouraged to take both folate vitamin and antifolate drug concomitantly. A body of evidence indicates that the addition of folate decreases the activity of the antifolate in vitro, and the same observation has been made on the efficacy of antifolate in vivo (see next sections). Thus, there is genuine concern that the implementation of these two recommendations may be associated with a higher risk of malaria.
One option would be to use a non-folate drug. However, options for antimalarials are limited, and this limitation is compounded by the problem of drug resistance. 20 The other option would be to recommend the interruption of folate use when antifolate is administered or vice versa. In poor settings such as those affected by malaria, shifting of drug use is not practical since adherence to the treatments may be compromised. Since the risk of NTDs and malaria in pregnancy bears serious consequences for both the fetus and the mother, appropriate strategies need to be implemented.
Interestingly, as discussed below, detailed observations of published data on folate and antifolate activity in malaria indicate that strategies exist to use a combination of folate derivatives with antifolates in IPTp without affecting drug efficacy, while providing enough folate to prevent the development of NTDs.
General information on folate metabolism in malaria
Folate derivatives consist of a molecule of reduced pterin linked to para-aminobenzoate (pABA) and glutamate. The parent biologically active molecule, tetrahydrofolate (THF), is substituted with one-carbon moieties at the N5 and N10 positions of the pteridine ring. These molecules are important cellular cofactors in the synthesis of nucleotides required for DNA replication, in the synthesis and metabolism of the amino acids serine, glycine, methionine, histidine and glutamate, and in the provision of methyl groups for biological methylation reactions, which are essential in epigenetic gene regulation and signalling processes, among other roles. 21 Folate cofactors are also required for the initiation of protein synthesis in mitochondria through formylation of methionine. 21 The most important biologically active folate cofactors in mammalian systems are 5-CH 3 -THF for the synthesis of methionine, 5,10-CH 2 -THF for the formation of the pyrimidine deoxythymidinemonophosphate (dTMP), 10-CHO-THF for the formylation of methionyl-tRNA, 5,10-CH + -THF and 10-CHO-THF for the synthesis of purines, and THF and 5,10-CH 2 -THF for the metabolism of serine, glycine, histidine and glutamate. 5-CH 3 -THF, the folate cofactor central in the synthesis of methionine, is the predominant folate molecule in the blood circulation, representing .95% in populations not fortified with FA. 22 It should be noted that FA is not a biologically active form of folate, but is a stable, readily absorbed precursor that is converted into dihydrofolate and thence into THF via the enzyme dihydrofolate reductase (DHFR) (see the next paragraphs in this section).
Mammalian cells do not synthesize folate de novo; they acquire it from dietary intake. On the other hand, the malaria parasite can make folate de novo from the precursor guanosine triphosphate, and at the same time salvage it from the exogenous environment. Both sources of folate contribute to the parasite's folate requirement. Folate is so critical that inhibition of the de novo pathway leads to parasite death, a feature that has been exploited by antifolate drugs such as SP.
Indeed, in the malaria parasite, two enzymes, dihydropteroate synthase (DHPS) and DHFR, have been proved to be critical in the synthesis and conversion of folate ( Figure 1 ). DHPS mediates the condensation of pABA with hydroxymethyl-dihydropetrinpyrophosphate to generate dihydropteroate, and DHFR reduces dihydrofolate to THF, the biologically active form of folate that is substituted with one-carbon moieties and used downstream in the synthesis of dTMP from deoxyuridine monophosphate (dUMP). 23 Inhibitors of DHPS are sulpha-based, analogues of pABA; they include a sulphonamide (sulfadoxine) and a sulfone (dapsone). On the other hand, inhibitors of DHFR compete with dihydrofolate in the active site of the enzyme, and the commonly used antifolate antimalarials are pyrimethamine, proguanil and chlorproguanil. Proguanil and chlorproguanil are prodrugs, which are converted in vivo into the inhibitors of DHFR (cycloguanil and chlorcycloguanil, respectively). 23 Inhibitors of DHPS and DHFR are synergistic, leading to their use in vivo in combination. 23 SP, known also as Fansidar TM , has been the most widely used antifolate drug for the treatment of uncomplicated malaria in Africa. This drug was introduced into Africa in the 1990s as a replacement for chloroquine. However, resistance to this drug emerged within a few years, 23 and by the mid-2000s this antifolate drug was replaced by artemisinin combination therapy. 24 Review SP resistance is associated with parasites that harbour point mutations at codons 108 (Ser to Asn), 51 (Asn to Ile) and 59 (Cys to Arg) of the dhfr gene (these are triple mutant parasites). Resistance is increased by the selection of point mutations at codons 437 (Ala to Gly) and/or 540 (Lys to Glu) or 437 and/or 581 (Ala to Lys) of the dhps gene. Higher in vitro and in vivo resistance is observed with the selection of a mutation at codon 164 (Ile to Leu) of dhfr.
23 Genotyping of dhfr and dhps has been used widely to monitor the emergence and selection of resistance to SP in various malaria-endemic areas, including Africa. 25 Despite the emergence of SP resistance, as discussed in the previous paragraph, this drug remains the best option for intermittent preventive treatment in pregnancy and in infancy. 6, 26, 27 However, in the context of high SP resistance, its efficacy is compromised. 10 Alternative drugs are being evaluated, including the combination of SP with other antimalarials, such as piperaquine and mefloquine; 28, 29 however, as stated earlier, owing to the paucity of available and effective drugs, SP will remain the best choice for IPTp.
Salvage of exogenous folate by malaria parasites and its effect on antifolate
Addition of folate in vitro and antifolate activity
In vitro, several studies have clearly demonstrated that the addition of FA or folinic acid and THF decreases the activity of antifolate drugs. 30, 31 However this is not the case with the folate 5-CH 3 -THF, even when used at concentrations of 23 mM, which is 1000 times higher than those found in human blood circulation. 30, 31 In the next section, we shall discuss the implication of this finding in relation to 5-CH 3 -THF. Likewise, other studies have shown that lower folate availability, e.g. due to a decrease in the folate concentration of the medium or a decrease in folate uptake (FA or THF), renders the parasite more susceptible to antifolate drugs both in vitro and in vivo.
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Thus, folate derivative concentration in the medium has a strong bearing on the activity of antifolates. 32 
Supplementation of folate in vivo and SP efficacy
The first clinical evidence of the interaction of FA supplements with antimalarial activity in vivo was provided by van Hensbroek et al. 42 in 1995. The authors examined the effects of supplementary treatment with iron, FA or placebo, given together with the antifolate SP and the non-antifolate chloroquine, in 600 Gambian children aged between 6 months and 9 years who were suffering from uncomplicated malaria. Five milligrams of FA or iron was given to children ,15 kg, and those with a weight .20 kg received 10 mg of FA or iron. Treatment outcome, measured as parasitological failure rates 7 days after treatment, was significantly higher in the SP/FA group than in the SP/placebo group. Interestingly, the presence of FA did not change the failure rate in children who received chloroquine. This work was the first evidence of the effect of folate in vivo.
In 2005, a Kenyan study documented the effect of folate on the efficacy of SP. 43 In this report, 303 patients of all ages with uncomplicated malaria were treated with SP and iron and randomized to receive FA or placebo. The dose of FA was 2.5 mg daily if children were ,2 years and 5 mg daily if .2 years, and this folate was administered for 30 days. The results showed a significant reduction in the efficacy of SP in patients taking an FA dose of 5 mg compared with placebo. On the other hand, no difference was observed between placebo and the 2.5 mg FA group. 43 A similar study in Zambia investigated the effect of supplementation with a low dose of FA, 1 mg/day for 14 days or placebo, on the activity of SP and Malarone (atovaquone/proguanil) in 183 children (between the ages of 6 and 119 months) suffering from malaria. 44 In the SP group, parasitological treatment failure was higher in the FA group than in the placebo group. Interestingly, in the Malarone group the use of folate did not affect the drug's efficacy, in line with the known mode of action of Malarone, which does not involve the folate pathways. 45 In 2005, Dzinjalamala et al. 46 reported a study on the correlation of the total blood folate concentration with SP efficacy in children aged between 6 months and 12 years who were suffering from malaria. No folate supplementation was given. Total folate concentrations in dried blood spots were assessed, and the results showed significantly higher levels of blood folate in children who failed to clear parasitaemia than in those who did clear it (P ¼ 0.026).
Based on the aforementioned clinical studies, a low dose (,2.5 mg) of FA does not negate SP efficacy, although in one study a dose of 1 mg of FA was associated with reduced drug efficacy. 44 The next paragraphs will examine the effect of folate in pregnant women suffering from malaria.
In 2006, Ouma et al. 47 reported the effect of folate on pregnant women in Kenya (n¼ 488) with a gestational age between 17 and 34 weeks and presenting with uncomplicated malaria. They were treated with SP and iron supplementation, and were randomized into three arms: 5 mg of FA (n¼ 161), 0.4 mg of FA (n ¼165) or placebo (n¼ 162). After 14 days, they all received 5 mg of FA daily and were followed up to day 28. At day 14, the rates of treatment failure in the placebo and 0.4 mg FA groups were identical (13.9% and 14.5%, respectively, P,0.05), while the failure rate in the 5 mg FA arm was significantly higher than in the placebo group (27.1% versus 13.9%, P ¼0.005).
Using the same study samples, van Eijk et al. 48 assessed folate blood levels in 467 women and correlated them with drug efficacy. Total plasma folate levels were comparable in all groups at enrolment. However, at day 7 the 5 mg FA group had a significantly higher median increase in plasma folate level (9.2 ng/mL increase) than the 0.4 mg FA group, which had a median increase of 2.7 ng/mL. At day 7, 100 women (2 in the placebo group, 23 in the 0.4 mg group and 75 in the 5 mg group) had folate levels exceeding 15.4 ng/mL, and 48 of these (38 in the 5 mg group and 10 in the 0.4 mg group) failed treatment. Thus, as expected, FA supplement use is associated with increased total folate blood level.
Another study was reported on 1035 primigravidae in Gambia with pregnancies .15 weeks. 49 They received SP as part of IPTp and were given a low-dose FA treatment of 0.5 or 1.5 mg/day for 14 days. In the FA group, half also received iron supplementation. The rate of treatment failure was similar between the groups treated with 0.5 and 1.5 mg of FA (5.7% versus 4.9%, P .0.05), and there was no difference between those who received iron and those who did not. Based on this study, an FA dose as high as 1.5 mg/day does not seem to negate the efficacy of SP in IPTp.
This review of published work, as summarized in Table 1 , indicates that supplementation with FA can negate the efficacy of SP as part of normal treatment or IPTp. However, this negation is dependent upon the dose of FA. Clearly, supplementation with 5 mg of FA daily can significantly decrease the efficacy of SP in both normal treatment and IPTp. On the other hand, 0.4 or 0.5 mg of FA does not affect SP efficacy, though in one study a dose of 1 mg was associated with decreased SP efficacy in the context of normal treatment (but not IPTp). This is important since 0.4 mg is the WHO-recommended daily dose of FA to prevent NTDs in pregnant women. Thus, this low dose could be recommended for supplementation in IPTp. The effect of FA on SP efficacy is dose-dependent, and overall there is no evidence that the implementation of 0.4 mg/day FA supplementation will decrease SP efficacy in the context of IPTp.
5-CH 3 -THF and antifolate activity
As discussed above, we also tested the effect of the folate derivative 5-CH 3 -THF against the antifolate antimalarial drugs pyrimethamine and chlorcycloguanil. To our surprise, high concentrations of 5-CH 3 -THF, up to 1000 times higher than the physiological concentration, did not change the in vitro activity of these drugs. 31 Two hypotheses could be put forward to explain these results. Either 5-CH 3 -THF may not be transported into the malaria parasite or this folate is not utilized by the parasite even though it is present in the cell. Detailed observation of folate biochemistry in the parasite indicates that the latter is more plausible. In the folate pathway, 5-CH 3 -THF is utilized as a methyl group donor to convert homocysteine into methionine, the only reaction that leads to the synthesis of methionine. 21 Once the malaria parasite enters a red blood cell, it degrades up to 75% of the haemoglobin, generating an abundance of amino acids, including methionine, to meet its requirement. 50 In addition, the parasite has developed a transport system to take up amino acids from exogenous medium if its amino acid requirement is not met by haemoglobin degradation. For instance, this is the case for isoleucine, an amino acid that is not found in haemoglobin, 51 and methionine, to supplement its supply from haemoglobin degradation. 52 Thus, under these conditions, the parasite may not need to synthesize methionine de novo.
At the molecular level, two early studies have indicated that a de novo methionine synthesis pathway may exist in Plasmodium falciparum; 53 however, using malaria genome information, genes encoding enzymes that mediate methionine synthesis have not been identified, 21 and, up to now, to the best of our knowledge, there are no new data supporting the existence of a de novo methionine pathway in malaria. Furthermore, since the parasite can obtain methionine from haemoglobin degradation or the exogenous medium, 52 this pathway is likely to be of little importance, a situation we have already proposed. 21 The synthesis of methionine also contributes to lowering the concentration of homocysteine, a molecule that can be toxic to the cell at high concentrations. However, the malaria parasite could simply export this molecule from the cell, as it does with the many acids that it does not need following haemoglobin degradation. 51 In addition, a recent study has indicated that the parasite may not salvage 5-CH 3 -THF efficiently from the exogenous medium. 38 Thus, the inefficiency of the parasite in taking up 5-CH 3 -THFand the absence of a methionine pathway may explain why this folate form does not decrease antifolate activity, even at doses 100-1000 times higher than the physiological folate concentration. Thus, as we shall discuss in the next section, this form of folate could be an alternative to FA in IPTp in Africa.
Review
Folate supplementation with FA or 5-CH 3 -THF in pregnant women with malaria
Pharmacokinetic considerations
A number of studies have compared the acute and long-term bioavailability of 5-CH 3 -THF with FA, using various methodologies (for reviews see Obeid et al. 54 and Pietrzik et al.
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). It is now well established that with low doses (i.e. equivalent to 0.4 mg of FA), FA and 5-CH 3 -THF have similar bioavailability, although the time required for emergence of FA into serum is somewhat longer than that for 5-CH 3 -THF, consistent with the notion discussed earlier that FA must be converted into 5-CH 3 -THF prior to emergence in serum. 56 In one high-dose study, equimolar amounts of FA and 5-CH 3 -THF (equivalent to 15 mg of FA daily) were administered for 12 weeks to dialysis patients. 57 Both compounds were equally effective in increasing the total plasma folate concentrations, but a distributional analysis found that with 5-CH 3 -THF ingestion all folate was present as 5-CH 3 -THF, whereas with FA ingestion nearly 50% of the total folate was present as unmetabolized FA. 57 Thus, 5-CH 3 -THF has better pharmacological properties than FA.
Current folate treatment in Africa
In most African countries, 5 mg of FA daily is commonly used as supplementation to prevent anaemia in pregnancy. It is used at 5 mg because this is the available form of folate tablet commonly found in Africa. The WHO recommends the low dose of 0.4 mg/day for all women in the periconceptional and early pregnancy period, in order to reduce the risk of NTDs [see also the earlier section, Pregnancy and neural tube defects (NTDs)]. The currently available dose of 5 mg of FA is probably much higher than what is needed and a lower dose of 0.4 mg would be adequate for all women of childbearing age.
As our review indicates, the use of a low dose of FA (,0.5 mg) does not affect the antimalarial activity of SP in the context of normal and IPTp treatment. Thus, the WHO-recommended dose of 0.4 mg/day to lower the risk of NTDs could be implemented for IPTp in Africa. However, if this is to be implemented the currently available 5 mg FA tablet should be phased out in Africa; this is a challenge on its own since FA is widely available and sold over the counter as a food supplement. Attempting to control its manufacture so as to make only 0.4 mg tablets available in the market would be an impossible task since this vitamin is consumed by the general population as well (not only pregnant women). One possible scenario would be that both tablets would be available in the market, but, in this instance, adherence to the low dose of 0.4 mg in pregnancy may not be fully observed since women would take whichever form is available at the time they need FA. Thus, the implementation of a 0.4 mg dose will remain a challenge in the African or developing world context.
Advantages of using the alternative of 5-CH 3 -THF
In vitro work indicates that 5-CH 3 -THF may be a better alternative to FA, both in IPTp and prevention of NTDs. Firstly, this folate form does not increase the parasite folate pool, however high the dose may be. Its use will not affect the activity of the antifolate, allowing full protection of pregnant women against malaria. Secondly, 5-CH 3 -THF will provide enough folate in the blood of the host (pregnant women) to lower the risk of NTDs. The evidence summarized above shows that, in humans, low-dose FA is readily converted into THF via the enzyme DHFR and thence into 5-CH 3 -THF, the most dominant folate form in the circulation. Thus, the administration of low-dose FA leads rapidly to an increase in plasma 5-CH 3 -THF, the form that the parasite does not utilize. On the other hand, in the context of high-dose FA, the host's DHFR activity is overwhelmed and unmetabolized FA appears in the plasma. 58 This form would be salvaged by the parasites (in the case of malaria infection) and will increase the parasite folate pool, leading to a decrease in antifolate activity. Supplementation with a low dose of FA is equivalent to providing the parasite with 5-CH 3 -THF, a form that it does not utilize, explaining why the use of a low dose of FA does not affect the activity of antifolate. Thus, a high dose of FA (5 mg) could be replaced by any dose of 5-CH 3 -THF. This will provide a sufficient folate level to protect pregnant women against NTDs while maintaining the activity of antifolate.
Another argument to support the use of 5-CH 3 -THF is its advantage over FA in preventing the masking of megaloblastic anaemia due to vitamin B12 deficiency. Deficiency of either folate or vitamin B12 can cause severe haematological symptoms, described as megaloblastic anaemia. Vitamin B12 deficiency can also result in an irreversible neurological lesion. Inappropriate treatment of an individual suffering from vitamin B12 deficiency with FA can mask the haematological symptoms of the disease. 59 As a result, people suffering from pernicious anaemia and under FA supplementation may only be detected late in the disease progression, leading to a higher risk of neurological deterioration, a situation that compromises effective intervention. 59 This risk of masking the anaemia of vitamin B12 deficiency has been used as an argument against the use of FA fortification in food. 60 On the other hand, 5-CH 3 -THF does not interfere with the development of megaloblastic symptoms in people with vitamin B12 deficiency and thus it is a good alternative to FA in the population. So the inability of 5-CH 3 -THF to mask the anaemia of vitamin B12 deficiency and to negate antifolate efficacy make this folate form a better alternative to FA in pregnancy in Africa.
Concluding remarks
The prevention of malaria and NTDs during pregnancy needs to be addressed in Africa. The antifolate SP is used for malaria prevention and FA supplementation in NTD prevention. Thus, a priori, the implementation of these two strategies is counter-productive. However, we have provided evidence that FA can be used at the recommended dose of 0.4 mg/day without affecting the efficacy of SP in IPTp while providing a sufficient blood folate level to prevent NTDs. On the other hand, 5-CH 3 -THF, the most dominant form of folate, could be used even at high dose to prevent NTDs while not affecting SP efficacy. This folate form is an important alternative to FA as it does not mask megaloblastic anaemia. However, 5-CH 3 -THF has two main limitations: it is relatively more expensive than FA, and is less stable. However, a stable supplementary form of 5-CH 3 -THF as a calcium salt has become available. 61 Thus, cost remains the major limitation for its use in routine supplementation. However, since the benefit of this folate form in pregnancy outweighs this limitation, it is imperative to develop strategies to implement both WHO recommendations of antifolate SP in IPTp for the protection against malaria and supplementation with 5-CH 3 -THF for the prevention of NTDs in pregnant women in malaria-endemic areas.
